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避免杂质富集；开展了 HCOOH 在 Au@Pt 上 SERS 研究，发现在远低于 CO
氧化电位的 0.2 V，CO 谱峰显著降低，表明 HCOOH 的氧化是通过以 CO 为
活性中间物种的间接过程进行，金内核的存在有可能提高了 Au@Pt 对


































Fuel cells are environmental friendly energy systems with a high energy efficiency, and 
expected to play important roles for the sustainable society. However, the commercialization of 
fuel cells is hindered by the low activity of catalysts, which leads to the high cost, inefficiency and 
low power density and etc. Among the many key problem of fuel cell studies, some problems in 
the design and characterization of electrocatalysts remain unsolved: most of reported synthetic 
works of electrocatalysts followed the black-box style, without much rational design that can only 
be achieved by a good understanding of the reaction mechanism; there remain quite some 
problems in the evaluation of electrocatalytic activity of the catalysts, resulting in the comparison 
of the result from different groups difficult. 
This Ph.D. thesis aimed at solving the two key problems existing in the study of the catalysts 
of fuel cells, i.e., the in-situ characterization of the reaction processes and evaluation of the 
electrocatalytic activity and carried out the following work: (1) Design a spectroelectrochemical 
cell with a good control of temperature and flow to mimic the reaction condition of fuel cell 
systems. (2) Eliminate the impurity on the electrode surface to satisfy the high purity demand in 
the electrochemical and SERS studies. (3) Develop an integrated theoretical and experimental 
method derived from fundamental electrochemistry to characterize the electrocatalytic activities of 
catalysts in a standardized way. 
1. The present SERS studies of the reaction mechanism of fuel cell systems  were carried out 
under ambient temperature and pressure under static reaction condition. This condition is 
much different from the real working conditions of fuel cells, which requires a high 
temperature, high pressure and high material transport rate. To solve this problem, we 
designed and fabricated an in situ spectroelectrochemical cell with a temperature and flow 
control to mimic the reaction condition of fuel cell systems. The cell has been successfully 
used to obtain reliable electrochemical and Raman responses under more realistic reaction 
conditions of fuel cell systems. The cell was made of glass, TEFLON, Kel-F and Fluo O-ring, 
which can be easily cleaned to meet the requirement of the future study of high-purity system. 
2. The trace amount of impurities on the surface may significantly change the electrochemical 
and Raman response. To solve this problem, we made full use of the advantages of the flow 
system that can in situ change solution and perform the in situ measurement and developed a 
method to effectively obtain a clean electrode surface. By purifying the electrolyte and gas 
first, and thoroughly cleaning the spectroelectrochemical cell, we produced an ultra clean 
platform to obtain clean substrates for in situ electrochemical study of catalysts of low 
catalytic activity and in situ SERS study of weakly adsorbed species. The SERS result 















impurities from the electrode, but a combination of the both could do. However, the impurities 
can be further enriched on the electrode if the laser is tightly focused on the electrode even 
after the surface was thoroughly cleaned. A defocusing method was proposed for detection of 
the weakly adsorbed species. Electro-oxidation of HCOOH on Au@Pt electrode was used as a 
model system, and the result indicates that CO may be an active intermediate species on Pt 
surface under the interaction of the Au core. Further optimization is to made to detect other 
intermediate species. 
3.   The electrocatalytic activity is the most important properties of an electrocatalyst. At present, 
there is no consensus on the standard to be used for the evaluation of the catalyst, which 
results in the doubt of the reliability of some reported results and the difficulty to compare the 
results from different research groups. We developed an integrated electrochemical theoretical 
and experimental method to evaluate the electrocatalytic activity of catalysts (made of 
nanoparticles supported on a solid substrate) in a standardized way, stemmed from the 
fundamental electrochemistry. Using an ideal model system, we rationalized the basic theory 
to evaluate the catalytic activity of large electrodes and microelectrodes, where we can safely 
use the potential to evaluate the electrocatalytic activity. We proposed a quantitative 
relationship between the potential and the activity. However, in real nanoparticles systems, the 
immediate use of potential to evaluate the catalytic activity of catalyst is not possible due to 
the complexity of the electrode structure and the different distribution of catalytic particles on 
the surface, which results in a different diffusion mode and different thickness of diffusion 
layers. We further demonstrated, with microelectrode with different sizes and separations and 
rotation disk electrode at different rotation rates, that the false improved catalytic activity will 
be produced for a same catalyst. The main reason is simply due to the change of thickness of 
diffusion layer, which leads to a shift of potential. Based on these results, we proposed a 
method to reliably evaluate the catalytic activity of catalysts. 
  


































































为：碱性燃料电池（Alkaline Fuel Cells, AFC）、质子交换膜燃料电池(Proton 
Exchange Membrane fuel Cells, PEMFC)、磷酸燃料电池( Phosphoric Acid Fuel 
Cells, PAFC)、固体氧化物燃料电池(Solid Oxide Fuel Cells, SOFC)和熔融碳酸盐燃
料电池（Molten Carbonate Fuel Cells, MCFC）。 下图为典型的燃料电池基本单元： 
 
 
图 1.1 燃料电池基本单元组成示意图[5]。 





















1. 成本高：燃料电池所用材料价格高昂， Nafion 膜、负载碳、高聚石墨流场双
极板、催化剂 Pt 等价格都非常高。燃料电池系统高成本组成中，Nafion 膜、
负载碳、高聚石墨流场双极板等材料，通过实现规模化生产可有效降低其成
本。但催化剂 Pt 储量有限、回收困难，提高 Pt 利用率以降低 Pt 担载量、开
发非 Pt 催化剂是降低成本的主要途径[3,6-10]。 
2. 催化剂中毒：原料或反应中间物种的 CO 和 SO2 等强吸附物质导致催化剂中
毒失活。提供 Pt 催化剂抗 CO 性能是亟待解决的问题之一[7,10-17]。 
3. 催化剂稳定性低：阴极催化剂的电极电位一般高达 0.9 V，载体 C 易腐蚀坍
塌，长时间运行时即使高稳定性的 Pt 催化剂亦容易被氧化腐蚀。已发现在
Pt 催化剂中掺杂少量 Au[4]有利于提高 Pt 稳定性。 






（Membrane electrode assembly, MEA），即阴阳极催化剂层，决定了 MEA 乃至整
个燃料电池系统的性能。电催化剂必须满足一下要求：1. 无论阳极氧化（H2 或
CH3OH）还是阴极还原（ORR）必须具有大电流，即具有高活性；2. 具有高稳
定性；3. 高导电性；4. 制备成本低；5. 可大规模生产。 
综上所述，扣除未能商业化生产导致的高成本材料因素后，燃料电池商业化
大的阻碍是催化剂的活性及稳定性低。以下为催化剂活性低导致的问题[3,6,19-21]： 




















其中，氢气氧化反应( HOR) 的交换电流密度为 1 mA/cm2, 而氧气还原反应
( ORR )的交换电流密度为 10-3 mA/cm2，两者相差上千倍。燃料电池阴极（ORR）
消耗了主要的贵金属 Pt 用量，并产生大部分活化过电位，提高 ORR 催化剂活性
与稳定性对提高燃料电池性能、功率等起决定作用，是所有燃料电池的核心课题。
当然，除了 HOR，其它阳极反应（例如 PEMFC 的替代品 DMFC）的活化过电
位也不可忽略，提高其电催化活性也有非常重要的作用。 
因此，目前国际上针对 ORR 催化剂的研究异常活跃，一般可分两类：ORR





     
反应机理是化学反应的核心，其 慢的反应基元决定了化学反应速度（速度








§1.3.1.1  CO 氧化反应 
在 PEMFC 中，CO 作为毒性中间物存在，占据大部分 Pt 位点，阻碍 H2或
CH3OH 的反应，研究 CO 在 Pt 上的吸附和氧化对燃料电池的发展具有重要的意


















1990 年 Arial 等[22]通过 Hückel 理论计算研究单晶上 CO 的吸附和氧化，通
过设计 COad 和 Had 的吸附总量及其间距，模拟实际反应过程，并通过改变金属




ad ad adH O OH H⎯⎯→ +                                (1) 
rds
ad ad adOH CO HOOC+ ⎯⎯→                             (2) 
2
fast CO H e+ −⎯⎯→ + +                      （3）   
        
(a)                         (b) 
图 1.2 Pt 上水的解离过渡态(a)和 CO 氧化过渡态(b) 
Fig.1.2 Orientation of H2O at the transition states for OH bond scrission(a) and transition state 
structure for CO oxidation by HOad. 
 
其中，HOOCad 作为中间物种至今都没有得到验证，但 CH3OH 氧化过程中
有 HOOCad 存在，可以从侧面佐证 CO 氧化中间物种可能也是 HOOCad。 
CO 氧化过程中，（2）为 rds，反应的整体反应速度为 
( )ox CO OHv k E θ θ=  
其中 k(E)与电位相关，θCO和θOH 分别为 CO 和 OH 的表面覆盖度。 
CO 作为毒性中间体，提高 CO 氧化速率去除 CO 以获得洁净的电极表面用
于甲醇的催化具有重要意义。提高吸附 CO 氧化速度的方法有提高活性系数 k(E)
和 OHad 覆盖度θOH两个方向。在实际应用过程中，由于催化剂目标是提高 CH3OH
等催化活性，提高 k(E)意义不大，研究主要集中在如何提高θOH 上。Pt 解离出
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